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The excited state intramolecular proton transfer of four derivatives (FM, BFM, BFBC, CCM) of 3-hydroxychromone
is investigated. The geometries of different substituents are optimized to study the substituent effects on proton transfer.
The mechanism of hydrogen bond enhancement is qualitatively elucidated by comparing the infrared spectra, the reduced
density gradient, and the frontier molecular orbitals. The calculated electronic spectra are consistent with the experimental
results. To quantify the proton transfer, the potential energy curves (PECs) of the four derivatives in Sy and S; states are
scanned. It is concluded that the ability of proton transfer follows the order: FM > BFM > BFBC > CCM.

Keywords: excited state intramolecular proton transfer (ESIPT), hydrogen bond, reduced density gradient

(RDG), substituents
PACS: 31.15.ae, 31.15.A—, 31.15.es

1. Introduction

Since the beginning of the last century, the photochem-
istry has become an integrated science to study the generation
of excited states, the structure of excited states, and the ac-
companying physical properties and chemical behaviors.!-?]
Hydrogen bonds are one of the most common weak interac-
tions and widely found in water, proteins, amino acids, al-
cohols, etc.[37! Therefore, on the basis of continuous ex-
ploration of the excited state dynamics, the study of excited
state hydrogen bonds is very powerful for the advancement of
the natural sciences. The excited state intramolecular proton
transfer (ESIPT) reaction was firstly observed and reported by
Weller et al.,'8! and since then it has attracted great interest due
to its wide application in molecular probes and luminescent
materials.[°-10] In addition, some relevant chemical and bio-
logical processes can be explained through investigating the
ESIPT reaction in detail, such as a lot of reactions in biological
systems containing DNA-based tautomers and photosynthe-
sis. Han and collaborators have studied comprehensively the
photoinduced electron transfer (PET), intramolecular or inter-
molecular charge transfer (ICT), ESIPT, fluorescence quench-

17-22] Upon the photo-excitation,

ing mechanism, and so forth.!
the molecule can be excited to an unstable state and proton
transfer can occur. The power required for proton transfer is
derived from the energy gap between the local and the relaxed
excited states.

According to previous reports, Yang et al. studied the

mechanism of the photo-induced contamination reaction by

DOI: 10.1088/1674-1056/ab3434

the ESIPT of cresol derivatives.”>! Dong er al. reported the
ESIPT reaction of 2,6-dibenzothiazolylphenol with its deriva-
tives and the fluoride-sensing mechanism.**! Hao er al. ex-
plored the effect of changing the solvent and heterocyclic
ring on the ESIPT reaction of three photosensitive mono-
formylated benzoxazole derivatives.!*>! Designing molecules
with different substituents can directly affect the photochem-
ical and photophysical properties of the molecules. For in-
stance, solvatochromic probe can explore the living cells of
biological molecules by comparing the change in fluores-
cence behavior. Therefore, it has been widely used in flu-
orescence sensing technology, organic light-emitting diodes
(OLEDs), and molecular probe design.!?®="1 Solvatochromic
probe is a very effective way to explore the living cells
of biological molecules by comparing the change in fluo-
rescence behavior. Kyriukha et al. synthesized a series of
benzochromones with a red-shifted absorbance based on 3-
hydroxybenzochromones (3HCs) as shown in Fig. 1. Three
derivatives BFM, CCM, 2-(6-dimethylaminobenzofuryl)-3-
Hydroxybenzochromone (BFBC) are derived from the intro-
duction of a fused benzene ring and substituents with ex-
tended m-electron conjugated system at position 2 on the par-
ent FM.®8) Tt was concluded that BFBC is the most suitable
fluorescent microscope dye by comparing the fluorescence
changes of four different substituted molecules and the polar-
ity sensitivity changes of the dye environment.

We are then motivated to study the effects of different
substituents on ESIPT in detail. All calculations for 3HCs
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derivatives are based on the B3LYP-D3 functional with the
6-311+g(d,p) basis set. The effects of hydrogen bond strength
on proton transfer can be derived from the analysis of infrared
(IR) vibration spectra, electron spectra, frontier molecular or-
bitals (FMOs), and reduced density gradient (RDG). More-
over, the reaction paths of ESIPT of 3HCs derivatives (FM,
BFM, BFBC, and CCM) are analyzed.

(d) CCM !

(c) BFBC

Fig. 1. Molecular structures of 3HCs derivatives: (a) FM, (b) BFM, (c)
BFBC, and (d) CCM.

2. Computational details

By employing the Becke’s three-parameter hybrid ex-
change function with the Lee—Yang—Parr gradient-corrected
correlation functional (B3LYP-D3) and 6-311+4+G(d,p) basis
set, all the ab initio calculations are carried out in the Gaus-
sian 16 program.3*#!1 The ground (So) state and the first
excited (Sp) state of the molecules are optimized using the
density functional theory (DFT) and time-dependent density
functional theory (TDDFT) methods, *?! respectively. In or-
der to simulate the solvent environment of the experiment, the
toluene solvent with a dielectric constant (&) of 2.37 is used
throughout the calculation process with the polarizable con-
tinuum model (IEFPCM).3! In addition, we have calculated
the vibration frequencies in order to confirm that the optimized
structures are the real minimum. Since the resonance approx-
imation generally overestimates the vibration frequency, the
zero point energy correction and Gibbs free energy thermal
correction are used to correct the vibration frequency. In or-
der to clearly observe hydrogen bond interactions, the weak
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interaction regions are represented by the RDG isosurface ob-
tained by using the Multiwfn and VMD programs, where the

RDG can be expressed as[4+4]
1 Vo)
RDG (r) = ’ o
2(372)' 7 p (n)*?
Q (r) =sign (A2 (7)) p (7). )

Moreover, the potential energy curves (PECs) of 3HCs deriva-
tives are obtained by flexible scanning.

3. Results and Discussion
3.1. Optimization of geometric structures

In order to facilitate the comparison of the hydrogen bond
interaction of the Sy state and S; state of the 3HCs derivatives
(FM, BFM, BFBC, and CCM), the B3LYP/6-3114+G(d,p) are
to be adopted to optimized their geometric structures, which
are displayed in Fig. 2. The major bond lengths and bond an-
gles associated with hydrogen bonds are gathered in Table 1.
As shown in Table 1, the O;—H; bond lengths in the enol
form of FM, BFM, BFBC, and CCM are 0.981 A, 0.974 A,
0.973 A, and 0.978 A in the S state, respectively. The H,—O3
bond lengths are 1.993 A, 1.963 A, 2.011 A, and 2.073 A.
The bond angles (O;—H,—03) are 119.6°, 120.1°, 118.8°, and
117.3°, respectively. However, when they are in the S; state,
the O;—H, bond lengths increase to 0.993 A, 0.991 A, 0.985 A,
and 0.981 A. The H,—O3 bond lengths are reduced to 1.794 A,
1.808 A, 1.873 A, and 1.950 A, while the bond angles are in-
creased to 126.1°, 125.1°, 123.5°, and 121.2°. Such changes
show that the hydrogen bond interactions of 3HCs derivatives
are strengthened in the S; state. However, when the molecules
return from the S; state to the Sy state, the O1—H; bond lengths
of keto form decrease from 1.984 A, 1.942 A, 1.937 A, and
2.030 A to 1.822 A, 1.817 A, 1.818 A, and 1.889 A, which in-
dicates that the hydrogen bonds in the keto forms of the 3HCs
derivatives are stronger in the Sg state than in the S; state.
Meanwhile, the strengthening of the ground state hydrogen
bonds drives the reverse proton transfer, so the keto form is not
as stable in Sy state as it is in S; state. In addition, the change
of O1—H; bond length in S; state of enol form is as follows:
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Fig. 2. Geometric structure of different substituents for 3-hydroxychromone (orange: C; red: O; white: H; blue: N).
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FM (0.993 A) > BFM (0.991 A) > BFBC (0.985 A) > CCM
(0.981 A). The longer the bond length of O;—H,, the weaker
the hydrogen bond interaction. Therefore, it can be concluded

that substituents change the hydrogen bond strength of 3HCs
derivatives regularly and conform to the following rules: FM

> BFM > BFBC > CCM.

Table 1. The optimized bond lengths (A) and bond angles (°) of the four substituents for 3-hydroxychromone in Sy and S; states.

0,-H,

H,-0O3

0 (0;-H,-03)

FM
BFM
BFBC
CCM

Enol-Sy Enol-S; Keto-S; Keto-Sg
Enol-Sy Enol-S; Keto-S; Keto-Sg
Enol-Sy Enol-S; Keto-S; Keto-Sg
Enol-Sj Enol-S; Keto-S; Keto-Sg

0.981 0.993 1.948 1.822
0.974 0.991 1.942 1.817
0.9730.985 1.937 1.818
0.978 0.981 2.030 1.889

1.993 1.794 0.979 0.993
1.963 1.808 0.980 0.995
2.011 1.873 0.981 0.996
2.073 1.950 0.975 0.988

119.6 126.1 119.9 124.4
120.1 125.1 119.8 124.7
118.8 123.5 120.5 124.8
117.3121.2118.0 122.8

3.2. RDG analysis and frontier molecular orbitals

The intuitive way to determine the strength of hydrogen bonds is to compare the changes of isosurface. The RDG iso-
surfaces and scatter plots of FM, BFM, BFBC, and CCM obtained by utilizing the visual molecular dynamics (VMD) and

p>0
A2<0

p=0 p>0
A0 A2>0

I
strong attraction:

H-bond

I
Van der Walls strong repulsion: stcric

200
180
160
140
120
1.00
080
060
0.40
020

RDG

interaction effect in ring and cage
0.020 200 0020
0015 180 0015
0010 160 0010
0.005 140 0005
0 s ik
-0.010 Qo 100 -0.010
-0.015 & o0 -0.015
0020 0,50 -0.020
~0.025 040 -0.025
-0.030 020 @ -0.030
-0.035 000 - : - -0.035

p=0 p>0
)\2%0

A2>0

strong attraction:
H-bond

T
strong repulsion: stcric

effect in ring and cage

T
Van der Walls
interaction

BFBC

Fig. 3. RDG isosurfaces and scatter plots for (a) FM, (b) BFM, (¢) BFBC, and (d) CCM.

093102-3



Chin. Phys. B  Vol. 28, No. 9 (2019) 093102

Multiwfn softwares are plotted in Fig. 3. The hydrogen bond
interaction, van der Waals interaction, and steric hindrance are
represented by colors of blue, green, and red, respectively. It
can be easily observed that the color of isosurface between the
O; and H; atoms is blue, which means that there is a strong hy-
drogen bond interaction in the four kinds of molecules. How-
ever, the blue depth and the corresponding spike peaks are dif-
ferent among the four molecules, which indicates that different
substituents have different effects on intramolecular hydrogen
bonds. The more negative the spike peak values and the bluer
the isosurface, the stronger the hydrogen bond interaction. It
can be seen that although the spike peaks of FM and BFM
are very close, the peak value of FM is slightly more negative
than that of BFM. In addition, the spike peaks of BFBC and
CCM are located at —0.035 a.u. and —0.030 a.u., which are
significantly smaller than those of FM and BFM. According to
the depth of the isosurface color and the negative of the spike
peak values, it can be concluded that the order of hydrogen
bond interactions from strong to weak is FM > BFM > BFBC
> CCM.
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The properties of electron excited states can be fully un-
derstood by detailed analysis of FMOs (the highest occu-
pied molecular orbitals (HOMOs) and the lowest unoccupied
molecular orbitals (LUMOs)). As shown in Fig. 4, the os-
cillator strengths of FM, BFM, BFB, and CCM in S; state
are 0.861, 0.804, 0.905, and 1.28, and the corresponding or-
bital contributions are 98.91%, 99.48%, 99.17%, and 99.30%,
respectively. Therefore, only the transition between HOMO
and LUMO is involved in the S; state and their contribution
is the largest. The HOMO orbitals show 7 feature, while the
LUMO orbits show m* feature, thus transitions from HOMOs
to LUMOs show mr* feature. It is worth noting that after the
transition from HOMO to LUMO, the electron distribution on
the O; atom is reduced, and the electron distribution on the
O3 atom is increased. Thus, the O1—H;---Oj3 is indeed en-
hanced in the S; state. The natural bond orbital analysis is a
reliable method for characterizing the charge transfer of hy-
drogen bonds in the S; state. The enhancement of hydrogen
bond is also bound to increase the proton transfer tendency in
the S state.

\3 A ..Mﬁ: ’

9 “ .
.J )
'—0.192 P —0.194
1 0.905 P98
i —0.079
< L

Fig. 4. FMOs of FM, BFM, BFBC, and CCM.

3.3. IR vibration and electronic spectra analysis

The electron spectra obtained by theoretical calculation
cannot be directly compared with experimental values. To
make the theoretically calculated data correspond to the ac-
tual spectral graph, we need to extend the data (oscillator
strength, full width at half maximum (FWHM), and conver-
sion energy) obtained from the calculation into a spectral band.
The discrete spectra (IR spectra (Fig. 5) and electronic spectra

(Fig. 6)) can be artificially expanded by Gaussian function

3)

BFBC CCM
where FWHM
) (€]
2v/21In2
and Lorentz function
FWHM 1
L(w)= )

2 x2+0.25 x FWHM?'

Here, w stands for the spectrum abscissa, w; represents the
excitation energy corresponding to the electron excitation of
interest, and i stands for the 1st to the nth electronic stimu-
lus. The vibration frequency analysis not only ensures that
the energy of the optimized Sy and S; states is the real mini-

mum, but also conduces to analyze the intramolecular hydro-
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gen bond interaction. As depicted in Fig. 5, the vibration fre-
quency of FM in S state is 3618 cm™!, while the vibration
frequency decreases to 3296 cm™! after FM transitions to the
S; state. The vibration frequency decreases by 322 cm™!, in-
dicating that the hydrogen bond interaction of FM is enhanced
in the S| state. Similarly, the stretching frequencies of BFM,

BFBC, and CCM are reduced from the Sy state (3625 cm™ L,

6000

(a) FM-S,
45001k 3296 —FM-S,

3000}

1500
3618

Normalized IR intensity

0
3000 3200 3400 3600 3800

Wave number/cm™!

3656 cm~!, and 3673 cm™!) to the S; state (3325 cm™!,
3436 cm™!, and 3518 cm™!). Therefore, the hydrogen bonds
of the four derivatives are enhanced in the S state. According
to the size of the frequency in the S; state, the hydrogen bond
strength and proton transfer ability of the four derivatives can
be reduced in the order of FM > BFM > BFBC > CCM.

.. 6000
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Fig. 5. IR spectra for the O-H bond of (a) FM, (b) BFM, (c) BFBC, and (d) CCM.
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Fig. 6. Absorption and emission spectra of (a) FM, (b) BFM, (c) BFBC, and (d) CCM (the values in parentheses are experimental data).
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The absorption and emission spectra of FM, BEFM, BFBC,
and CCM are plotted in Fig. 6. The absorption peaks of FM,
BFM, BFBC, and CCM are 399 nm, 441 nm, 495 nm, and
449 nm (represented by the green line), respectively, which
differ from the experimental data (401 nm, 433 nm, 469 nm,
and 429 nm) by 2 nm, 8 nm, 26 nm, and 20 nm,¥! respec-
tively. Thus, we can conclude that our calculation method is
appropriate. In addition, we have also calculated the fluores-
cence spectra of FM, BFM, BFBC, and CCM before proton
transfer, which are 435 nm, 489 nm, 541 nm, and 491 nm
(represented by the red line). They are also consistent with the
experimental data (462 nm, 499 nm, 543 nm, and 510 nm). 38!
The fluorescence spectra (546 nm, 624 nm, and 697 nm) of
FM, BFM, and BFBC also agree well with the experimental
data (564 nm, 624 nm, and 669 nm).8 However, the fluo-
rescence spectrum of CCM is not given in the experimental
literature.

3.4. Potential energy curves

The enhancement of excited hydrogen bonds lays the
foundation for proton transfer, but it is only a qualitative de-
scription. To investigate the specific reaction path of protons,

it is necessary to give quantitative data for comparison.[46->4]
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Fig. 7. The calculated PECs for (a) FM,

4. Conclusions

The TDDFT/B3LYP-D3/6-311+G(d,p) methods have
been used to explore the effect of different substituents on
ESIPT. Analysis of geometrically optimized configurations,
IR spectra, and the FMOs shows that hydrogen bonds of all

molecules are enhanced in the S; state. The color change

The PECs of FM, BFM, BFBC, and CCM in Sy and S; states
are given by scanning the O—H internuclear distance. The bar-
rier between the Sg and S states of the four derivatives can be
clearly observed from Fig. 7. It can be found that the barrier
of all molecules in the S state is significantly smaller than in
the Sp state, which shows that proton transfer is more likely
to occur in the S; state. However, the barriers required for
the reverse proton transfer of the four derivative molecules in
the S| state are larger than the Sy state, which indicates that
the keto structure is more stable in the S; state. For the FM,
BFM, BFBC, and CCM in the S; state, the barriers of pro-
ton transfer are 4.02 kcal/mol, 4.75 kcal/mol, 6.64 kcal/mol,
and 6.70 kcal/mol, while the barriers of the reverse proton
transfer are 7.72 kcal/mol, 7.33 kcal/mol, 5.92 kcal/mol, and
8.75 kcal/mol, respectively. It is well known that the smaller
the barrier, the more likely the reaction will occur. The order
of the barriers in which proton transfer occurs should be CCM
> BFBC > BFM > FM. Therefore, the probability of proton
transfer should follow this rule: FM > BFM > BFBC > CCM.
In addition, the proton transfer process of the four deriva-
tives should be a four-stage cycle, i.e., enol — enol*(S;) —
keto*(S;) — keto — enol.
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(b) BEM, (c) BEBC, and (d) CCM.

of isosurface in RDG diagram also intuitively confirms the
strengthening mechanism of hydrogen bond. In addition, the
calculated electron spectra are in good agreement with the ex-
perimental spectra. In order to quantitatively analyze proton
transfer (PT), the PECs are constructed by scanning the O—
H bond lengths of FM, BFM, BFBC, and CCM in Sy and S;

093102-6
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states. The PECs show clearly the path of proton transfer, and
it is concluded that the ability of PT is FM > BFM > BFBC
> CCM.
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